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C602− and C702− dianions have been produced by electrospray of the monoanions and subsequent
electron pickup in a Na vapor cell. The dianions were stored in an electrostatic ring and their decay
by electron emission was measured up to 1 s after injection. While C702− ions are stable on this time
scale, except for a small fraction of the ions which have been excited by gas collisions, most of the
C602− ions decay on a millisecond time scale, with a lifetime depending strongly on their internal
temperature. The results can be modeled as decay by electron tunneling through a Coulomb barrier,
mainly from thermally populated triplet states about 120 meV above a singlet ground state. At times
longer than about 100 ms, the absorption of blackbody radiation plays an important role for the
decay of initially cold ions. The tunneling rates obtained from the modeling, combined with WKB
estimates of the barrier penetration, give a ground-state energy 200± 30 meV above the energy of
the monoanion plus a free electron and a ground-state lifetime of the order of 20 s.
© 2006 American Institute of Physics. 关DOI: 10.1063/1.2155435兴
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I. INTRODUCTION

In recent years there has been a great interest in free,
doubly charged anions.1,2 Owing to the electron-electron
Coulomb repulsion, atomic dianions are not stable and the
binding of two electrons in a molecule depends strongly on
its size.3 The second electron is confined by a Coulomb barrier, and even for negative binding energy the lifetime for
tunneling through this barrier can be very long. The
fullerenes are ideal for studying the dependence of the stability of dianions on the size of the molecule, and C2n2− with
2n 艌 70 have been produced directly in the gas phase by
electrospray.4,5 These dianions can also be formed by electron attachment to monoanions in a Penning trap.6,7
The most interesting case, the dianion of buckminsterfullerene C602−, has been something of a puzzle. The lowest
unoccupied electronic level of C60 is sixfold degenerate, including spin. It can be populated by the reduction of C60 in
solution, and the resulting ions have been investigated by
many techniques, e.g., by electron-spin resonance 共ESR兲 and
optical spectroscopy.8 However, the spectra are difficult to
interpret, and the contributions from different charge states
are difficult to disentangle unambiguously. The free dianion
of C60 is predicted to be at the limit of stability with a small
negative affinity for the second electron.9–11 This ion has
been identified by mass spectrometry in an ion trap after
laser desorption of fullerenes from a surface,12,13 and from
observation of the survival time of the signal a lifetime of
more than 3 min was inferred.12 However, it has not been
possible to create the dianion in a more controlled manner,
e.g., by electrospray or by attachment of a free electron to the
monoanion.
The lowest unoccupied orbitals in C60 have t1u symmetry, and the coupling of two electrons is analogous to the LS
coupling of two p electrons in an atom and results in
1
Ag , 3Tg, and 1Hg multiplets analogous to the 1S , 3 P, and 1D
atomic terms. It turns out that the theory of atomic multiplets
can be applied to calculate the term splittings and, in accordance with Hund’s rules, the energy from Coulomb repulsion
between the two electrons is lowest in the triplet states and
highest in the 1Ag state.14 The Coulomb energy can be lowered by mixing with orbitals in the neighboring t1g level; the
wave functions have opposite parity, and hence “hybridized”
wave functions may be created by linear combination, which
are localized far apart in the molecule.15 The effect of mixing
depends strongly on the energy splitting between the t1u and
t1g levels; for the measured optical transition energy of
⬃1.3 eV, the triplet level remains lowest, but the splitting of
the three dianion levels is considerably reduced according to
a recent calculation.16
The electrons are also stabilized by Jahn-Teller distortions of the molecule and this may change the order of the
levels. The description of the Jahn-Teller effect in C60 ions
has been the subject of much theoretical work.14,17–21 From
an analysis of a measured spectrum of photoelectrons from
C60− it was concluded that the coupling is stronger by a
factor of 2–3 than that predicted at the time by theory.22 This
is supported by more recent theoretical calculations which
reproduce the photoemission spectrum quite well.23 The

FIG. 1. Sketch of the electrostatic ring ELISA.

Jahn-Teller effect should be even stronger for singlet dianions in which the two additional electrons can occupy the
same orbital.14
The interest in the anions of C60 has been spurred by the
discovery of superconductivity in C60− based materials at
quite high temperatures. It is generally accepted that the electron pairing leading to superconductivity must be local, and
some authors suggest that it originates in a strong intramolecular coupling to vibrations.17,22,24–26 Others emphasize the
correlation of electronic origin, such as the configuration interaction with the neighboring single-electron level mentioned above,27,28 and some even claim that Jahn-Teller distortions cannot possibly contribute to superconductivity.29
Both term splittings due to exchange interaction and JahnTeller stabilization were considered in a recent discussion,
but the effect of mixing with the t1g orbitals was not included
explicitly.30,31
A useful starting point is to try to understand the properties of the isolated C60 anions. Even for the monoanion,
there is uncertainty in the interpretation of the optical spectra
and their dependence on the solvent.8 The most recent interpretation of ESR measurements on dianions in solution is a
singlet ground state with a close-lying triplet state, which can
be thermally populated.8,32 However, since the separation between the levels is only a tenth of an eV, the interaction with
the surrounding matrix could affect the ordering. There is a
need for experiments on isolated C60 anions to provide results which can serve as benchmarks for theory. We have
recently measured the near-infrared-absorption spectrum for
C60− in the gas phase and have proposed an identification of
the observed bands.33 The electronic states of the doubly
charged anion are of particular interest in that they reveal the
magnitude of the effective gas-phase Coulomb and exchange
interactions.9 We have succeeded in creating beams of C602−
with sufficient intensity to allow a study of the lifetime in a
storage ring.34 For comparison, we have also observed C702−
which has been reported to have a lifetime of 80 s in an ion
trap at room temperature.5
II. EXPERIMENTAL DETAILS

The experiments were carried out at the small electrostatic ion storage ring, Aarhus 共ELISA兲,35 which is illustrated
in Fig. 1. The injection of ions from solution with an electrospray ion source is described in detail in Refs. 36 and 37.
Singly charged anions of C60 共or C70兲 were sprayed from a
solution of C60 共or C70兲 and tetrathiafulvalene in toluene and
dichloromethane. They were stored for typically 0.1 s in a
linear ion trap with a He trapping gas at a temperature between 225 and 355 K. The temperature of the trapping gas
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FIG. 2. Electron emission in the storage ring, detected as a signal from C70−
or C60− in a channeltron placed after a 10° electrostatic deflector. The injected ions were C702− 共䊏兲 and C602− from charge exchange of monoanions
with initial temperatures of 225 K 共䉭兲, 300 K 共o兲, and 355 K 共x兲. Each point
corresponds to the sum of counts for several revolutions of the ion bunch.
The different data sets are not normalized relative to each other. The curves
through the points are a power law with n = −0.85 for C702− and from the
simulations described in the text for C602−. The insert shows an Arrhenius
plot of the cutoff rate 1 /  共s–1兲 versus 1000/ Ttrap 共K–1兲.

was calibrated with measurements of the lifetime for UVphoton-induced fragmentation of a tripeptide Lys-Trp-LysH+ for which the Arrhenius decay parameters had been determined from the variation of the lifetime with laser
wavelength.38
After ejection from the trap, acceleration to 22 keV, and
mass selection with a magnet, ion bunches were passed
through a cell containing Na vapor. As demonstrated in Ref.
34, about 30% of the ions may be converted to doubly
charged anions by electron capture in collisions with Na atoms. The electrical fields in the storage ring were first adjusted to store singly charged ions and then reduced by a
factor of 2 to select the doubly charged ions. The pressure in
the ring was a few times 10−11 mbar, and for stable
fullerence anions the storage lifetime was limited by collisions with the residual gas to ⬃10 s.
The decay of metastable ions by electron emission was
recorded by the detection of monoanions with a channeltron
placed close to the stored beam after a 10° deflection inside
the ring 共Fig. 1兲. There were periodic variations in the yield
associated with betatron oscillations of the beam position in
the ring, the most pronounced period corresponding to about
three revolutions, but these oscillations were strongly
damped by the averaging of counts from several revolutions.
The revolution time was 108.15 s for C60 ions. The measurements were repeated with a 10 Hz injection rate and with
a dump of the beam at the end of each observation period of
80 ms. For observations on a longer-time scale, up to 1 s, a
corresponding lower injection rate was selected.
The decay of the stored beams was also measured directly. At varying times after injection, the beam was
dumped onto a microchannel plate, positioned at the end of
the injection side of the ring 共Fig. 1兲. The decay of a short-

FIG. 3. Time dependence of the number of ions stored in the ring, measured
by dumping the beam onto a microchannel detector with a varying delay
after the injection. The injected ions were C702− 共䊏兲 and C602− from charge
exchange of monoanions from a trap with temperatures of 225 K 共䉭兲, 300 K
共o兲, and 355 K 共x兲. The full curves are from simulations with the model
described in the text. The dashed curve for 225 K is obtained from simulations without the emission and absorption of photons.

lived beam can in this way be followed over several orders
of magnitude. A normalization to the injected beam current is
required, and for dumps later than 10 ms after injection the
signal was normalized to the sum of the channeltron counts
over the first 10 ms. However, it is difficult to normalize
beam dumps after much shorter storage times.
III. RESULTS

Results obtained with the two methods of observation
are shown in Figs. 2 and 3. The curves in these figures are
from modeling, and they will be discussed later. For the
qualitative interpretation, it is useful first to consider the direct measurements of beam decay in Fig. 3. For C702−, only a
relatively small decrease in the beginning is observed. Our
interpretation is that the dianion is stable at room temperature on a time scale of seconds. The small initial reduction of
the beam is due to the decay of ions that have been excited in
collision with residual gas atoms, mainly just after exit from
the trap.39 Since the binding energy of the second electron is
very low, an excitation of a few eV should be sufficient to
induce decay on a millisecond time scale. The depletion is
much stronger for the C602− beams, and it depends on the
temperature of the trap. This implies that at the trap temperatures these dianions are not stable on a time scale of seconds.
The time dependence of the counts in the channeltron,
shown in Fig. 2, gives more detailed information about the
decay. The power law with power close to −1 observed for
C702− is characteristic for an ensemble of isolated molecules
with a broad distribution in excitation energy.39,40 The energy
distribution is gradually depleted from the high-energy side,
and at time t ions with rate constant k共E兲 ⬃ 1 / t dominate the
yield. The results for C602− are quite different. At the shortest
times, the variation of the decay rate is similar to that observed for C702− but the rate decreases much more steeply
after a characteristic time  which depends on the tempera-
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ture Ttrap of the ions in the trap, before electron capture.
There is a lower cutoff of the internal energy distribution at
the thermal energy corresponding to Ttrap and the power-law
dependence of the decay rate is changed into a nearly exponential decrease when at time  the depletion of the distribution reaches this energy.
Since at this time the power-law decay is dominated
by ions with rate constant ⬃1 / , we can interpret  as the
lifetime of ions with temperature Ttrap. The data can be
represented quite well by a function proportional to
t−0.6exp共−t / 兲, and we have derived the dependence of  on
trap temperature from fits with this function. The results are
shown in an Arrhenius plot in the insert in Fig. 2. Below
room temperature, the points fall on a line corresponding to
an activation energy of ⬃0.1 eV. Above room temperature,
there are clear deviations from this line although the determination of the cutoff is more uncertain for small . A more
detailed interpretation is derived from the modeling discussed in the following but it is noteworthy that one of our
main results, the decay of C602− by a thermally activated
process, can be derived with few assumptions directly from
the data.
We now return to Fig. 3 where the C602− decay is followed to longer times. The time dependence is straightforward to interpret qualitatively for the two lower trap temperatures: the decay is dominated by a thermally activated
process, presumably electron emission via tunneling from an
excited state about 0.1 eV above the ground state. The distribution of microcanonical temperatures in the ensemble of
stored ions has a lower cutoff around the trap temperature
but this cutoff is not sharp, so the distribution has a tail
towards lower temperatures. At low temperature, mainly the
ground state is populated, and if the ground-state lifetime is
long there should be a small fraction of quite stable molecules, as is indeed observed. It turns out that the distributions can be reproduced quantitatively by modeling if the
absorption of blackbody radiation is taken into account.
The only puzzling feature in Fig. 3 is the observation of
a small, very long-lived component for the highest trap temperature. That something abnormal is happening in the measurement for this temperature is illustrated in Fig. 4, showing
the intensity of the dumped beam at 10 and 500 ms for a
series of temperatures. At both dump times, the variation is
smooth, very close to exponential, except for the measurement at 500 ms for 355 K which is clearly abnormal.

J. Chem. Phys. 124, 024310 共2006兲

FIG. 4. C602− beam current at 10 and 500 ms, normalized to the counts in
the channeltron during the first 10 ms. Measurements for different ion trap
temperatures.

voltage power supplies has been a problem for the beam
dumps after long storage times, with very low counting rates.
However, there is a large variation in the ratio between the
number of such switches and the channeltron counts, and the
proportionality for the highest temperature of the number of
dumped ions to the counts in the channeltron 共Fig. 3兲 proves
that, even in this case, the dump signal is mainly beam related and not electronic noise.
Another possible explanation is an impurity with the
same mass and charge as C60− that also picks up an electron
in the Na cell. Indeed, there are weak beams transmitted
through the magnet at mass numbers just below 720. We
have tested this possibility by measuring the isotope distribution of the beam. With a natural abundance of 1.108% for
13
C, the expected ratios of masses 720, 721, and 722 for C60
are 100:67:22. The mass ratios in the observed beam depend
on the magnetic field of the analyzer but should be independent of storage time if there are no contaminants. As illustrated in Fig. 5, we could measure the isotopic time splitting

IV. BEAM IMPURITY

The observation of a small stable component of the
C602− beam at the highest temperature 共355 K兲, as shown in
Fig. 3, was a surprise, and in view of the very low level of
this signal, it was important to consider possible artifacts.
One possibility is a small component of the beam with very
low internal excitation energy. The ions are cooled by the
adiabatic expansion in the spray source, and one might imagine that a small fraction does not come into thermal equilibrium with the He gas in the ion trap. However, we varied the
storage time in the ion trap without any change in the results.
Electronic noise related to the rapid switching of high-

FIG. 5. Time spectrum of the counts in the microchannel-plate detector for
beam dump at 50 ms after injection into the ring of C602− ions. The expected
time difference between molecules with mass 720 and 721 is 35 s. The
magnet was optimized for transmission of mass 721.
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of the dumped beam. Since ions with different masses have
the same energy, their velocity is inversely proportional to
the square root of their mass, and the time difference between the arrival of neighboring isotopes 720 and 721 at
dump time t is t / 1440. The splitting should therefore be
35 s for t = 50 ms, in good accord with the measurement.
Although we have not been able to obtain conclusive evidence for the isotopic composition at the later times because
the statistics and resolution are poor, indications are that it is
unchanged.
Unfortunately, a test of the isotopic composition does
not provide a very strong discrimination against impurities.
The most likely “impurities” are the isomers of C60 without
the closed cage structure. When fullerenes are produced by
the laser ablation of graphite, only a small fraction of the
molecules with mass 720 are fullerenes,41 and it is possible
that there could be a small fraction of configurational isomers in the fullerene powder we have used. It is plausible
that dianions of such isomers could be formed efficiently
in the Na cell and that they could be stable because the
Coulomb repulsion is smaller in more extended molecules.
We conclude that the most likely explanation for the
small long-lived component at 355 K is an impurity, maybe a
configurational isomer. Figure 4 shows that the inpurity signal is probably not significant for the measurements at lower
temperatures in Fig. 3.
V. ENERGY LEVELS FROM NEAR-INFRARED
SPECTROSCOPY

With the storage of a C602− beam in ELISA the possibility of laser spectroscopy on the dianion has opened up, and
this provides more information on the energy levels, in particular, on the question whether the ground state is triplet or
singlet. We have measured the near-infrared-absorption spectrum in the storage ring by the detection of monoanions produced by electron detachment after the absorption of a photon from a laser pulse. The absorption spectra are quite
similar to spectra for dianions in solution,42,43 with the main
absorption band near 945 nm. There is a strong signal in the
channeltron from emission within the first ⬃10 s after the
absorption and also a much weaker signal from delayed
emission after a few revolutions in the ring. Thus, in the
excited state ⬃1.3 eV above the ground state, with one electron in a t1g electronic orbital, the electron can be confined
by the Coulomb barrier long enough for the conversion of
the electronic excitation to vibrations. The measurements
will be discussed in detail elsewhere,44 and only the results
of direct relevance to the modeling of the decay will be mentioned here.
The similarity to the absorption spectra in solution indicates that the ground state is singlet32 also in the gas phase.
The symmetry of the ground state should then be Ag and
there should be a low-lying excited state with Hg symmetry
and a degeneracy of 5.14 Formally, the population of these
states corresponds to the combination of two l = 1 electrons to
angular momenta L = 0 and L = 2, although the nature of
strongly coupled Jahn-Teller states is quite different.14 Consistent with these predictions, the spectroscopy has revealed
the presence of a ground state which is populated strongly

FIG. 6. Potential barrier for l = 1 关Eq. 共1兲兴. The levels indicated originate in
the coupling of two t1u electronic orbitals into singlet and triplet states.
Channels for tunneling are indicated by arrows.

only at very low temperatures, and the splitting between the
two singlet states 1Ag and 1Hg is determined to be 22 meV.44
For the triplet state, the Jahn-Teller problem is identical
to that for the monoanion.14 The symmetries of the lowest
two levels should be 3T1g and 3T2g, and from gas-phase spectroscopy on C60− the splitting has been determined to be 30
meV.33 Both levels have triple orbital degeneracy in addition
to the spin degeneracy.
VI. COULOMB BARRIER

The second electron in the dianion is confined by a
Coulomb barrier, and the lifetime of states with positive energy is determined mainly by the probability for tunneling
through the barrier. The effective potential has three components, the electrostatic repulsion from a charge −e at the
center, an attraction due to the polarization of the anion, and
a repulsive angular momentum barrier corresponding to
l = 1.11 We treat the anion as a conducting sphere with radius
R = 4.5 Å, corresponding to a polarizability ⬃15% larger
than that for neutral C60.45 The polarization potential may
then be obtained from a standard calculation of image
charges, and we obtain the effective potential,
V共r兲 =

e 2R 3
e 2a 0
e2
− 2 2
+
,
r 2r 共r − R2兲
r2

共1兲

where a0 = 0.53 Å is the Bohr radius. This potential is illustrated in Fig. 6. The excited electronic level with one electron in a t1g orbital is very close to the maximum of the
potential, and the observation in Ref. 44 of internal conversion after photoexcitation to this level is therefore strong
evidence against a considerably lower barrier for electron
emission, as suggested by the analysis of photoemission
measurements for heavier fullerenes in Ref. 46.
An electron with positive energy E can tunnel through
the barrier with a rate given in the WKB approximation by
k =  exp共− W兲,

W=

2
ប

冕

r2

冑2m共V共r兲 − E兲dr,

共2兲

r1

where the limits of the integral are the classical turning
points. A rough estimate of the attempt frequency  can be

Downloaded 18 Dec 2012 to 132.177.229.1. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

024310-6

J. Chem. Phys. 124, 024310 共2006兲

Tomita et al.

to obtain the last expression, with the standard deviation
 = 冑kBCTtrap.47 The heat capacity C共Ttrap兲 of C60 has been
evaluated from calculated vibrational frequencies.
The calculations are greatly simplified if this energy distribution of the ensemble of ions is replaced by a distribution
in microcanonical temperature, defined by 1 / kBT
= d / dE ln 共E兲,
g共T,Ttrap兲 ⬀ exp共− ␣⬘共T − Ttrap兲兲

冋 冉

⫻ 1 + erf

FIG. 7. Distribution of the C602− ion ensemble over internal temperatures
共microcanonical兲 at different times. Dashed curve without the emission and
absorption of photons.

obtained from the uncertainty principle,  ⬇ ប / mR2 ⬵ 6
⫻ 1014 s−1. However, this value should probably be reduced
considerably due to a poor match of an emitted p wave to a
bound state with strong l = 5 character.10,11 Below we use a
frequency factor which is lower by a factor of 20, and we
estimate the uncertainties associated with a further reduction.
VII. MODELING OF THE DECAY RATES

The simplest interpretation of the temperature-dependent
decay rate is tunneling from thermally populated excited
states. We have modeled the observations with an internal
energy distribution g共 , Ttrap兲 that is a convolution of the
initial thermal distribution of the internal energy of the
monoanions at temperature Ttrap with an exponential distribution of the excitation energy. Mathematically, this is a very
simple one-parameter distribution, and as we shall see 共Fig.
7兲, the experiment only probes a very narrow range of energies and hence is insensitive to the detailed shape of this
distribution. The excitation is expected to stem mainly from
electron capture into excited states and from collisions with
residual gas molecules just after exit from the ion trap. The
cross section for electron capture is quite large and in most
charge changing collisions with Na the impact parameter
must therefore be so large that there is very little excitation
by the recoil of carbon atoms.34
With this model we obtain
g共,Ttrap兲 ⬀

冕



0

共E兲e

−E/kBTtrap −␣共−E兲

e

dE

冋 冉

⬀ exp共− ␣共 − E0兲兲 1 + erf

 − E0 − ␣2

冑2 

冊册

,

共3兲
where E0 corresponds to the peak of the thermal energy distribution at the ion trap temperature Ttrap. Here 共E兲 is the
vibrational density of states, kB is Boltzmann’s constant, and
the parameter in the distribution of excitation energies is
chosen to be ␣ = 1 eV−1. A Gaussian approximation to the
canonical energy distribution in the integral has been used

T − Ttrap − f 2␣⬘⬘2

冑2f ⬘

冊册

,

共4兲

with ␣⬘ = ␣C共Ttrap兲 and ⬘ =  / C共Ttrap兲. A fairly accurate expression for 共E兲 in terms of the partition function 共Eq. 共24兲
in Ref. 47兲 has been used to check the accuracy of the expression in Eq. 共4兲 by numerical evaluation of the integral in
Eq. 共3兲. Due to the rapid variation of the heat capacity at low
temperatures, a numerical factor f has to be included in the
formula, and excellent agreement with the more accurate expression is obtained for the values f = 1.1, 1.2, and 1.3 at the
three temperatures 355, 300, and 225 K.
The depletion of the temperature distribution is illustrated in Fig. 7 for the lowest trap temperature. It is seen that
after 1 ms all ions have an internal temperature well below
400 K, i.e., an internal excitation energy below 1 eV. Hence
the experiment only probes this range of excitation energies,
and the initial energy distribution need not be as broad as
indicated by the curve for 0 ms in Fig. 7. The influence of
photon emission and absorption on the distribution after long
storage times is discussed in Sec. VIII below.
The rate constant for electron emission is assumed to
have two contributions. The first is from tunneling from the
two singlet levels 1Ag and 1Hg and from the two triplet levels
3
T1g and 3T2g,
4

k1共T兲 = 兺 Ai Pi共T兲/Q共T兲,
i=1

冉 冉

Pi共T兲 = gi exp − i/kB T −

i
2C共T兲

冊冊

,

共5兲

4

Q共T兲 = 兺 Pi共T兲.
i=1

Here i are the four energy levels while gi and Ai are the
corresponding degeneracies and tunneling rates. The effective temperature in the Boltzmann factor is the microcanonical temperature T corresponding to the internal energy ,
with a small finite-heat-bath correction.47 The parameters
used in the fits are given in Table I, and the populations
Pi共T兲/Q共T兲 of the four states are illustrated in Fig. 8共a兲. The
two energy separations 2 − 1 and 4 − 3 are derived from
the spectroscopic data, as discussed above. This splitting of
the singlet and triplet levels is included for consistency with
the spectroscopic data, but equally good fits are obtained
without. The average excitation energy of the triplet states is
chosen to match the temperature dependence of the data in
Fig. 2 and its uncertainty is estimated to be ±10 meV. The
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TABLE I. Energies and tunneling rates for the four states included in the
modeling.
State
1

Ag
Hg
3
T1g
3
T2g
1

Energy 共eV兲

Decay rate 共s−1兲

0.200
0.222
0.305
0.335

0.05
0.70
800
5000

tunneling rates Ai are consistent with the barrier model for
 ⬵ 3 ⫻ 1013 s−1 and 1 ⬵ 0.2 eV.
For relatively high internal energies there must be a rapidly increasing contribution, k0共T兲, to the rate constant for
electron emission, as evidenced by the power-law decay at
short times. This decay is probably dominated by hot-band
emission.48 The product of a room-temperature Boltzmann
factor and the WKB barrier-penetration factor has a broad
maximum around 0.6 eV, and with the above value of , the
tunnelling rate is ⬃108 s−1 at this energy. Vibrationally assisted emission is in our model represented by an Arrhenius
expression,
k0共T兲 = A0 exp共− 0/kBT兲,
共6兲

with 0 = 0.4 eV and A0 = 7 ⫻ 108 s−1 .
This expression is consistent with the observation of rate
constants of the order of 104 s−1 for electron emission from
ions with internal temperature around 450 K after absorption
of a photon.44 The two rate constants k0 and k1 are in Fig.
8共b兲 compared with tunneling from the two singlet states
alone. This latter contribution is seen to be negligible except
for very low temperatures.
The simulated decay rates, normalized to the experiment, are shown together with the channeltron data in Fig. 2.
Below room temperature, the emission is dominated by tunneling via thermal population of the triplet states, and their
average energy above the ground state and the tunneling
rates are determined mainly by the measured spectra in the
range of 225–300 K. The calculated decay rates are nearly
the same when the two excited levels are replaced by a single
level with the average energy and a tunneling rate equal to
the geometric average of the two rates. For all trap temperatures, the rate constant k0 accounts for the yield at the earliest
times. It also reduces the cutoff time for high trap temperatures and thereby accounts for the deviation of the corresponding points from the straight line in the Arrhenius plot in
Fig. 2.
VIII. DEPLETION FOR LONG STORAGE TIMES;
BLACKBODY RADIATION

FIG. 8. 共a兲 Populations of the four levels indicated in Fig. 6 as functions of
the internal ion temperature 共microcanonical兲. 共b兲 The rate constants for
tunneling in Eqs. 共5兲 and 共6兲, and the tunneling rate for electrons confined to
the two singlet levels.

The simulations should also account for the measured
beam depletion at the two lower trap temperatures in Fig. 3.
These measurements follow the decay to later times when
only a small fraction of the molecules survive, which have a
microcanonical temperature much lower than the trap temperature. The magnitude of the rate constants for tunneling
from the singlet states then becomes important for the shape
of the decay curves. It turns out that it is not possible to fit
simultaneously the two spectra for trap temperatures of 225
and 300 K. With the rate constants given in Table I, the
decay curve at room temperature is reproduced reasonably
well but, as illustrated in Fig. 3, the measured decay curve
for 225 K decreases much more steeply at long times than
the calculated one 共dotted curve兲.
An obvious possibility is that the decay is influenced by
the absorption and emission of radiation,49 and this has been
included in the full drawn curves in Fig. 3. In neutral C60
there are four infrared-active vibrations, each three times degenerate, and as demonstrated by the analysis in Ref. 50,
there is quite good agreement between theory and experiment concerning the oscillator strengths. The emission at
room temperature corresponds to ⬃0.02 eV/ s and the average photon energy is around 0.1 eV. The emission from the
fullerene anions should be considerably stronger.50 For example, the vibrations can “borrow” oscillator strength from
the strong t1u → t1g transition.51 We have introduced emission
and absorption of 0.1 eV photons with an order of magnitude
larger oscillator strength than that for the combined transitions in the neutral molecule, i.e., with an emission and absorption rate of 2 s−1 at room temperature. The calculations
are analogous to those described in Ref. 52. At low temperatures, the coupling to the blackbody radiation leads to heat-
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ing and a more rapid decay, as illustrated by the two energy
distributions at 512 ms in Fig. 7. As expected, there is little
influence on the decay curve for 300 K, but the agreement
with the data for 225 K is much improved 共Fig. 3兲.
According to this analysis, the decay of cold ions is
dominated by the absorption of blackbody radiation, leading
to the thermal population of the triplet states. This implies
that the modeled decay curves are not sensitive to the lifetime of the ground state and the experiment only sets a lower
limit of about 1 s for this lifetime. As seen in Table I, the
lifetime given by our model is 20 s. This estimate depends
somewhat on the choice of the attempt frequency  in the
expression 共2兲 for barrier penetration. Only the decay rates of
the triplet states and the relative energies of the four states
are determined by measurements, so the position of the
lowest-energy level depends on , albeit weakly. For example, if  is reduced by a factor of 5, to  = 6 ⫻ 1012 s−1, the
energies of the triplet states and hence also of the singlet
states must be raised by 25 meV, and the tunneling rate from
the ground state is then increased by about a factor of 4. Of
course there are other uncertainties also; for example, the
Franck-Condon factors for electron emission from different
states will be different because the Jahn-Teller distortions are
not the same.
IX. SUMMARY AND FINAL REMARKS

In summary, we have produced C602− and C702− ions in
the gas phase from electrospray of the monoanions and subsequent electron capture in collisions with Na atoms. The
lifetime of the dianions has been measured in an electrostatic
storage ring. While nearly all the C702− ions are stable on a
second time scale, most of the C602− ions were found to
decay on a timescale of milliseconds. The decay is interpreted as mainly thermally assisted tunneling, via excited
electronic states or with transfer of energy to the electron
from hot vibrational bands. From ESR measurements on dianions in solution a singlet ground state has been deduced,
with a thermally populated triplet state ⬃80 meV above.8,32
From the similarity of near-infrared absorption in solution
and in the gas phase,44 we conclude that the ground state
must be singlet also in the gas phase.
In the modeling we use detailed information on the JahnTeller split levels from theory and from gas-phase spectroscopy. The singlet level is split into 1Ag and 1Hg, with separation of 22 meV, and the triplet level is split into 3T1g and
3
T2g, with separation of 30 meV. However, these level splittings have little influence on the modeling of the decay. From
the dependence of the decay on the initial temperature of the
ions, we deduce a separation of about 120 meV between the
singlet ground state and the average energy of two closelying triplet states. This is similar to the singlet-triplet splitting found in ESR measurements on C60 dianions in a matrix,
and also to calculations and measurements of the spin gap in
A4C60 compounds 共A=alkali metal兲.26,31 From comparison
with a tunneling model, we estimate the position 1 of the
lowest singlet level to be +200± 30 meV and the lifetime of
the ground state to be of the order of 20 s, with an uncertainty of about a factor of 10. The uncertainty of 1 is esti-

mated from an uncertainty of an order of magnitude on the
tunneling frequency factor  and ±10 meV on the singlettriplet separation determined by our fits.
There are still some puzzles left. It is difficult to reconcile our results with the early measurements of quite longlived C60 dianions in ion cyclotron resonance 共ICR兲 traps by
Limbach et al.12 and by Hettich et al.13 They saw a strong
signal from the dianions in measurements lasting seconds,
and the relative amount of singly and doubly charged anions
was very similar for C60 and C70. In contrast, we have found
that while most C702− ions are stable on a time scale of seconds, nearly all C602− ions decay on a millisecond time scale.
The method of ion production used then, laser ablation of
C60 deposited on a surface, should certainly not produce
colder anions than our method based on electrospray. However, the presence of a very strong magnetic field in the ICR
traps could be important. For example, thermal transitions
between singlet and triplet states might be hindered by the
interaction with this field.
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